The Main Central Thrust (MCT) juxtaposes the high-grade Greater Himalayan Crystallines over the lower-grade Lesser Himalaya Formations; an apparent inverted metamorphic sequence characterizes the shear zone that underlies the thrust. Garnet-bearing assemblages sampled along the Marysandi River and Darondi Khola in the Annapurna region of central Nepal show striking differences in garnet zoning of Mn, Ca, Mg, and Fe above and below the MCT. 
Introduction
The relatively narrow Himalayan arc extends ~2400 km from Nanga Parbat (8138 m) in the west to Namche Barwa (7756 m) in the east [e.g., Le Fort, 1996] . This mountain belt forms a sharp transition between the average ~5 km-high, arid Tibetan plateau and the warmer, wetter Indian lowlands, and is comprised of roughly parallel, crustal-scale fault systems separating similar lithologies along strike.
The Main Central Thrust (MCT) is the dominant crustal thickening structure in the Himalaya, accommodating from 140 km to >500 km of displacement [Schelling and Arita, 1991; Srivastava and Mitra, 1994] . The fault is underlain by a 2-12 km thick sequence of deformed rocks known as the MCT shear zone. At most locations, footwall rocks display an increase in metamorphic intensity towards structurally higher levels, and metamorphic facies are generally continuous across the fault [e.g., Pêcher, 1989] . The inverted isograds are sometimes interpreted as a relict inverted geotherm and their origin is the subject of numerous models [e.g., England et al., 1992; Hubbard, 1996; Huerta et al., 1996; Harrison et al., 1998 ]. The nature of the anomalous gradient has important implications for the roles that thermal sources (e.g., shear heating, magma bodies, radiogenic elements) and heat transfer mechanisms (e.g., advection, accretion-erosion processes) play in crustal deformation. This paper presents thermobarometric and geochronologic data from rocks collected adjacent to the MCT along the Marysandi River and Darondi Khola in the Annapurna region of central Nepal. Metamorphic pressure-temperature ( P-T) histories were obtained from thermobarometric analyses of garnet-bearing assemblages. Monazite, and in some cases garnet growth, ages were determined from in situ ion microprobe analyses. 40 Ar/ 39 Ar analyses of muscovite were undertaken to assess the retrograde cooling history. The combined results 4 indicate that the apparent Himalayan inverted metamorphism is actually due to the accretion of successive footwall slivers to the hanging wall during Late Miocene-Pliocene activity within the MCT shear zone [Harrison et al., 1998 ].
Geologic Background

Orogen-scale description of the Himalaya
The MCT is one of five large-scale fault systems that formed as a result of Indo-Asia collision [Gansser, 1981; Pêcher, 1989; Schelling, 1992; Le Fort, 1996] (Figure 1 ). The Indus Tsangpo Suture Zone juxtaposes Indian shelf sediments (Tethys metasediments) against Asian metasedimentary and igneous rocks [Yin et al., 1994; Quidelleur et al., 1997] . The north-dipping
South Tibetan Detachment System separates low-grade Cambrian to mid-Eocene Tethys
Formation rocks in its hanging wall from a 5 to 20 km thick Late Proterozoic unit of footwall gneisses called the Greater Himalayan Crystallines [Burg et al., 1984; Valdiya, 1988; Burchfiel et al., 1992] . At their base, the Greater Himalayan Crystallines are thrust over Middle Proterozoic phyllites, metaquartzites, and mylonitic augen gneisses of the Lesser Himalaya Formation along the MCT [Arita, 1983; Brunel and Kienast, 1986; Pêcher, 1989] . Further south, the Main Boundary Thrust (MBT) separates the Lesser Himalaya from Neogene molasse, the Siwalik Formation [Seeber et al., 1981; Valdiya, 1992; Meigs et al., 1995] . South of the MBT, the Main Frontal Thrust (MFT) typically defines the boundary between the Siwalik and northern Indo-Gangetic Plains [ Le Fort, 1996] . The MFT cuts Siwalik strata in places and is often manifested as anticline growth [Yeats et al., 1992; Powers et al., 1998 ]. These structures appear to sole into a decollement termed the Main Himalayan Thrust (MHT) [Zhao et al., 1993; Nelson et al., 1996] . Two roughly parallel chains of granites intrude the Tethys Formation and 5 upper structural levels of the Greater Himalayan Crystallines Harrison et al., 1997] .
At present, the Indian craton moves north-northeast at a rate of 44-61 mm/yr relative to Eurasia/Siberia [Minster and Jordan, 1978; Armijo et al., 1986; DeMets et al., 1990; Bilham et al., 1997] . The active faults within the Himalaya include the MBT with a seismic slip rate of ~4 mm/yr [Ye et al., 1981; Valdiya, 1992] and the MFT, which accommodates N-S shortening from 9-16 mm/yr [Lyon-Caen and Molnar, 1983; Baker et al., 1988; Yeats et al., 1992; Powers et al., 1998 ]. A clearly identifiable, ~50-km wide zone of predominately moderate earthquakes is located within the Lesser Himalaya, south of the MCT [Seeber et al., 1981; Khattri and Tyagi, 1983; Valdiya, 1992; Kayal, 1996] . Seismic activity in this region may be linked to the underthrusting of the Lesser Himalaya beneath the Greater Himalayan Crystallines [Seeber et al., 1981; Valdiya, 1994] , or to part of the detachment that separates the underthrusting Indian Plate from the Lesser Himalayan crustal block [Ni and Barazangi, 1984] .
Rocks and structures associated with the MCT in central Nepal
Our investigation focuses on central Nepal (Figure 2 ), where most of the geologic elements characteristic of the Himalaya are exposed, including leucogranites, inverted metamorphic isograds, and the MCT [e.g., Colchen et al., 1980; Pêcher and Le Fort, 1986; England et al., 1992; Coleman, 1996a; Hodges et al., 1996] .
The Greater Himalayan Crystallines. In central Nepal, the Greater Himalayan
Crystallines are divided into three formations . Formation III consists of augen orthogneisses, Formation II is calc-silicate gneisses and marbles, and Formation I is kyanite-and sillimanite-bearing metapelites, gneisses, and metagreywackes with abundant quartzite. U-Pb and Sm-Nd studies of zircon grains show the sedimentary provenance of the 8 presently, the MFT is active [e.g., Yeats et al., 1992] . At each stage, slip was primarily accommodated by the structure closest to the Indian foreland [e.g., Seeber and Gornitz, 1983] .
On this foundation, two broad classes of models arose seeking to explain the evolution of Himalayan inverted metamorphism. The first set proposed a significant inverted geotherm developed during MCT slip [e.g., England and Molnar, 1993] . The second suggested recrystallization of the footwall units occurred prior to their juxtaposition with the hanging wall [e.g., Searle and Rex, 1989; Hubbard, 1996] . Some models attempted to ascribe the origin of leucogranite magmas found in structurally higher levels of the Greater Himalayan
Crystallines to slip along the MCT England et al., 1992] or South Tibetan Detachment System [Harris et al., 1993; Harris and Massey, 1994] .
P-T paths estimated from garnet-bearing assemblages are useful for evaluating the tectonic and thermal evolution of metamorphic terranes [e.g., Spear and Selverstone, 1983; Spear et al., 1984] . Models that support the development of a significant inverted geotherm during MCT slip (e.g., the one-slip hypothesis, Figure 6 ) require a significantly different P-T path than those that suggest recrystallization of the footwall units occurred prior to their juxtaposition with the hanging wall. For example, in the one-slip hypothesis, a footwall rock follows a P-T path in which it experiences maximum temperature after maximum pressure, due to burial and prolonged exposure to hot hanging wall rocks. A model that suggests multiple episodes of activity within the MCT shear zone (e.g., the multi-slip model, Figure 7 ) predicts a "hair-pin" P-T path via the burial and quick exhumation of footwall rocks. In this scenario, the maximum pressure the sample experiences correlates with maximum temperature.
Footwall rocks within the multi-slip model should record episodes of burial and exhumation, whereas single-slip samples only time one stage of fault movement. Younger ages 9 within a footwall rock could be predicted with the single-slip scenario only if enough heat is transferred to warm the mineral grains that contain radiogenic isotopes above their closure temperature. Establishing the metamorphic paths, conditions, and ages recorded by rocks within the inverted metamorphic sequence can help to resolve which models may have operated within the Himalayan range.
Previous Work
Previous geochronology
Previous geochronologic analyses of samples collected from the Greater Himalayan
Crystallines and MCT shear zone in the central Himalaya suggest the structure was active during the Miocene [e.g., Hodges et al., 1996; Coleman, 1998 ]. The last MCT-related deformation event has been suggested to occur during this time [e.g., Schelling and Arita, 1991; England et al., 1992] . Monazite grains from the MCT hanging wall contain a significant inherited Oligocene component, which may record the Eohimalayan event Edwards and Harrison, 1997; Coleman, 1998; Coleman and Hodges, 1998 ]. The shear zone is characterized by Pliocene 40 Ar/ 39 Ar mica ages [ Copeland et al., 1991; Edwards, 1995; Macfarlane, 1993] . The youngest mica ages include those from the Lesser Himalaya along the Marysandi transect [2.9±0.1 Ma ; Edwards, 1995] . Copeland et al. [1991] attributes the ages to thermal resetting from hot fluids, whereas Macfarlane [1993] suggests they reflect a late-stage brittle deformation event.
Previous thermobarometry
Previous thermobarometric studies of the Greater Himalayan Crystallines in general (1) record 600-700°C at the MCT, (2) suggest the entire section was close to isothermal during peak conditions, and (3) indicate a decrease in pressure upsection, consistent with a lithostatic gradient 10 [e.g., Inger and Harris, 1992; Pognante and Benna, 1993; Macfarlane, 1995; Vannay and Hodges, 1996] . Some studies report thermobarometric conditions inconsistent with stability of the mineral assemblage [e.g., Brunel and Kienast, 1986; Hodges and Silverberg, 1988; Hubbard, 1989; Coleman, 1996b; Vannay and Grasemann, 1998 . Recent reviews of Himalayan P-T data predict a majority of samples experienced retrograde net transfer reactions (ReNTRs), which involve the production and consumption of minerals used for thermobarometry [see Kohn and Spear, 2000] . Biotite and garnet become more Fe-rich, causing the estimated temperatures to be greater than the actual peak experienced. Conditions reported for the garnet-bearing rocks of the Greater Himalayan Crystallines may be erroneous by hundreds of degrees and several hundred megapascals.
Despite numerous studies of metamorphic assemblages in the hanging wall [see reviews by Guillot, 1999; Macfarlane, 1999] , surprisingly little work of this kind has been undertaken on footwall samples. Kaneko [1995] reported footwall temperatures from rocks in central Nepal that increase towards the fault from 400-450°C to 600-650°C over a north-south distance of ~13 km. Additional thermobarometric analyses of Lesser Himalayan assemblages are required to quantitatively constrain metamorphic conditions, but this avenue to understanding Himalayan inverted metamorphism has been largely unexplored [see Figure 3 in Harrison et al., 1999a] .
Sample selection and petrography from transects in central Nepal
Samples were collected along two cross-strike transects in central Nepal. Marysandi
River rocks are referred to as MA# (Figures 3, 5a ), whereas those obtained along the Darondi Khola are DH# (Figures 4, 5b) . To evaluate the possible MCT-I structural break described by Arita [1983] , the rocks are divided into three domains. We chose the nomenclature due to the thermobarometric and geochronologic data presented in this paper. Colchen et al. [1980] mapped the MCT near the town of Bahundunda (Figure 3 ), but the augen gneiss that defines Arita's [1983] MCT-I is not exposed at this location. Along this transect, Domain 2 rocks were collected between the MCT and the boundary defined by Colchen et al. [1980] as the contact between aluminous and carbonate schists of the upper Lesser Himalaya and those of the lower Lesser Himalaya's Kunchha Formation ( Figure 2 ). For reasons discussed later, we correlate this contact with the MCT-I (Figures 4, 5a ). We arbitrarily assign this boundary as the contact between the upper and lower
Lesser Himalaya metasediments is unclear [see Upreti, 1999] .
All rocks sampled contain quartz + ilmenite ± muscovite ± plagioclase ± epidote
[allanite] ± monazite ± zircon ± tourmaline ± apatite. Domain 3 samples also contain garnet + biotite + chlorite. Garnet may appear in these rocks via a continuous reaction involving chlorite breakdown (chlorite + quartz → garnet + H 2 O). One Domain 3 sample (MA63) contains chloritoid + biotite.
From Domain 3 to Domain 2, the rocks follow a systematic progressive metamorphism and temperature and pressure increase. Lower Domain 2 samples have garnet + biotite + chlorite, whereas staurolite or kyanite appear in upper structural levels. Staurolite is only seen along the Darondi Khola, whereas kyanite only appears along the Marysandi River transect.
Rocks collected in upper structural levels of Domain 2 commonly lack plagioclase and their chlorite appears retrograde, whereas rocks of Domain 3 and lower structural levels of Domain 2 have prograde chlorite. One Domain 2 sample is a graphitic schist (MA79), which contains abundant plagioclase, but no muscovite was found. A sequence of marls, graphitic marls, and quartzites is observed within Domain 2, but this paper focuses only on the garnet-bearing assemblages.
Domain 1 samples contain garnet + biotite + chlorite ± kyanite ± sillimanite. Plagioclase is abundant in all Domain 1 rocks. Along the Darondi Khola, kyanite was not found. Along the Marysandi River transect, kyanite occurs near the MCT in Domain 1 and 2, whereas sillimanite appears in structurally higher levels of Domain 1. The appearance of sillimanite is consistent with a pressure decrease via the reaction of kyanite → sillimanite. Sample MA18 contains both kyanite and small mats of fibrolitic sillimanite. Sample MA11, the structurally highest Domain 1 sample collected, is a garnet-and tourmaline-bearing, foliated felsic gneiss collected near the possible South Tibetan Detachment near the town of Chame.
Thermobarometric information from central Nepal garnet-bearing assemblages
Appendix A outlines the methods used to obtain thermobarometric data from the central Nepal samples. Mineral compositions and additional information are available at http://oro.ess.ucla.edu/argonlab/data_ repositiory.html. For descriptions of the Darondi Khola samples, see also Kohn et al. [2000] and Kohn and Spear [2000] .
Garnet X-ray element maps
Garnet X-ray element maps from the Greater Himalayan Crystallines (Domain 1; Figure   8 ), upper Lesser Himalaya (Domain 2; Figure 9 ) and lower Lesser Himalaya (Domain 3; Figure   10 ) show striking differences in zoning of Mn, Ca, Mg, and Fe. Compositional traverses across these garnets ( Figure 11 ) indicate the units experienced unique thermal histories [see also Kohn et al., 1999] .
Domain 1 samples: the Greater Himalayan Crystallines. Lack of noticeable zoning
within the interior of most garnets from the Greater Himalayan Crystallines is typical of highgrade metamorphic rocks [e.g., Tracy et al., 1976; Chakraborty and Ganguly, 1991; Florence and Spear, 1991] and is consistent with that reported from the unit elsewhere in the range [e.g., Hodges et al., 1993; Metcalfe, 1993; Kaneko, 1995; Davidson et al., 1997] . [Florence and Spear, 1991] .
P-T path calculations were not attempted for Domain 1 assemblages because the original metamorphic compositions appear modified [e.g., Spear and Parish, 1996] . To estimate their P-T conditions, analyses were obtained from the portion of the garnet that exhibited the lowest Mn and Fe/(Fe+Mg) values, avoiding the retrograde rim. Several analyses of biotite, muscovite, plagioclase, and chlorite were taken both near and far from the garnet to explore their compositional heterogeneity.
Domain 2 samples: upper Lesser Himalaya Formation. Domain 2 garnets near the
MCT have similar X-ray element maps as those of Domain 1, whereas those near the MCT-I are complexly zoned. For example, Figure 9 shows a garnet from sample MA27, located ~0.2 km 14 below the MCT, and a garnet from sample MA33, collected ~8 km below the MCT. Both rocks are classified within a single lithology [Colchen et al., 1980] and contain garnet + biotite + chlorite + plagioclase + muscovite + allanite + monazite + ilmenite + quartz. The MA27 garnet is affected by diffusion (Figure 11 ), similar in some ways to the MA49 garnet, whereas MA33 garnet has a distinct zoning profile that spikes sharply in Mn, Fe, and Mg and decreases sharply in Ca within 0.02 mm of the rim. Geochronologic data indicates the MA33 garnet records a twostage metamorphic history [Catlos et al., 2000] . Garnets from MA27 show an overall lower grossular abundance within their cores and patchy areas of higher Ca at the rims, suggesting the grains grew during burial. Similar behavior is observed in garnets obtained at equivalent structural locations (MA81), but is contrary to the higher Ca cores seen in Domain 1 and structurally lower Domain 2 samples (MA43, MA33, MA83).
P-T path calculations were only estimated for Domain 2 garnets in which X-ray element maps suggest that growth compositions are preserved [see also Kohn et al., 2000] . All estimates with increasing temperature and preserved changing compositions . The rounded garnet is mantled by chlorite, but the lack of Mn or Fe/(Fe+Mg) increase at the rim suggests the effect of resorption is minimal. The garnet shows a concentric compositional pattern with the exception of the upper right quadrant, where it is truncated, suggesting the grain broke subsequent to the formation of zoning. To estimate the peak metamorphic conditions, the garnet's lowest Mn and Fe/(Fe+Mg) compositions were used. As done with Domain 1 and 2 samples, the heterogeneity of the minerals used for thermobarometry was explored.
P-T conditions for
Thermobarometry
Figure 12 summarizes the minimum P-T conditions recorded by samples collected in central Nepal. Only temperature is calculated for some samples (MA79, MA83, MA64, MA68, MA58), and is plotted within 0-1 GPa in Figure 12 . Figure 13 displays the P-T paths recorded by garnets that display prograde zoning patterns.
Peak metamorphic P-T estimates. Many Himalayan rocks show evidence of ReNTRs
[see Kohn et al., 2000; Kohn and Spear, 2000] . Evidence to support the pressures and temperatures reported for the samples analyzed here is that the estimated conditions agree with
(1) the observed mineral assemblages, (2) absence of partial-melting textures, and (3) P-T conditions of other assemblages collected nearby.
Domain 1 rocks yield the highest temperatures and pressures of 600-800°C and 0.8-1.3
GPa (Figures 12, 13 ), similar to data reported from Greater Himalayan Crystallines rocks from the Garhwal Himalaya, central Nepal, and the Bhutan Himalaya [Hodges et al., 1993; Metcalfe, 1993; Kaneko, 1995; Davidson et al., 1997] . Table 1 shows the mineral compositions used to obtain the P-T paths. All central Nepal garnets analyzed here grew with increasing temperature (Figure 13 ). Some record little change in pressure (DH75a) or decrease in pressure with increasing temperature (MA65, MA86, DH26, DH23, DH26, DH22), consistent with heating during exhumation ( Figure 6 ).
P-T paths.
Structurally lower garnets (MA61, DH17, DH19) grew during an increase in both pressure and temperature. The change in path suggests a structural and metamorphic discontinuity exists within the MCT footwall, far south of the mapped lithologic [~2 km ; Colchen et al., 1980] and tectonic breaks [~5 km ; Arita, 1983] . The disparate P-T paths are 2 point core-rim paths, and are strongly dependent on the composition of plagioclase within the rocks. To establish their validity, explore their significance, and link the thermobarometric results with a temporal history, in situ monazite Th-Pb ages and 40 Ar/ 39 Ar muscovite ages were obtained.
Th-Pb ion microprobe analyses of monazite
Petrologic observations suggest monazite appears in pelites via allanite breakdown at 525°C [Smith and Barriero, 1990; Kingsbury et al., 1993; Wing et al., 1999] Montel et al., 2000] . In multiply metamorphosed terranes, monazite may lose Pb via diffusion or a dissolution-precipitation process [Kingsbury et al., 1993; Ayers et al., 1999; Montel, 1999] .
In central Nepal, allanite is the dominant rare-earth bearing accessory mineral within the chlorite and biotite zones. Above the garnet isograd, no readily apparent correlation exists between the presence of allanite or monazite with metamorphic grade.
Monazite grains were analyzed from samples collected from Domain 1 (Figure 14 
Domain 1 samples: the Greater Himalayan Crystallines
Domain 1 monazite grains yield a range of ages, consistent with Oligocene formation followed by diffusional Pb loss. For example, Figure 14 is a BSE image of sample MA45 (P ≈ 1 GPa; T ≈ 735°C). In this sample, monazite ages range from a maximum of 37.5±0. [Grove and Harrison, 1999] .
Domain 2 samples: upper Lesser Himalaya Formation.
Miocene monazite ages characterize rocks immediately beneath the MCT along both drainages, consistent with evidence of activity during this time [e.g., Hodges et al., 1992; Coleman, 1998 ]. For example, monazite in sample MA27 is 18±1 Ma, and samples DH58 and DH71 contain ~22 Ma monazite grains.
Moving south of the MCT, ages decrease from 10-15 Ma to 7-8 Ma (see Figures 18-20).
Four Domain 2 rocks collected near the lower boundary contain monazite that formed during the Late Miocene (Figure 15 ). In sample MA83 (T ≈ 545°C), two spots on a monazite inclusion in garnet and four spots on two matrix grains average 8.3±0.5 Ma. In this rock, the monazite inclusion in garnet is older than those in the matrix. A Late Miocene matrix monazite grain in sample MA33 (P ≈ 0.65 GPa; T ≈ 560°C) is located in an area where garnet was resorbed and could have once been an inclusion. Figure 9 shows the zoning pattern of a garnet in this sample.
Late Miocene monazite inclusions are only found in the matrix or within 0.2 mm of the rim (near the area taken for composition), whereas allanite grains are found within the core. Catlos et al.
[2000] report an allanite found the core of this garnet is significantly older (~270 Ma) than the monazite grains in the rim (~7 Ma). The zoning pattern and the ages of monazite and allanite grains strongly imply this garnet has experienced a two-stage history.
Domain 3 samples: lower Lesser Himalaya Formation.
Figure 16 is BSE image of Domain 3 sample MA84, collected beneath the MCT-I along the Marysandi River transect (for sample location, see Figure 3 ). This rock records multiple stages of monazite growth, and contains a 1.6 Ga monazite grain located <0.5 mm from a ~7 Ma monazite. The oldest grain is large (~ 70 µm) and the youngest grain is found in an area of the rock that appears strongly foliated. The Proterozoic age is consistent with the assembly of the Indian continent [e.g., Balasubramaniyam et al., 1978] , whereas the Late Miocene age is interpreted to record footwall crystallization associated with slip within the MCT shear zone.
The hypothesis is supported by temperature estimates from sample MA83 (T ≈ 545°C), collected <0.2 km above MA84, which yields ~100°C below the closure temperature of Pb in ~0.1 mmsized monazite [ Smith and Giletti, 1997] Figure 18 ; Edwards, 1995] . The ages are shown on Figure 
Geochronology
The ion microprobe permits in situ microanalysis of radiogenic element-bearing minerals in polished rock thin sections [e.g., Hinton, 1995] . Our methods to obtain information about the deformation history of the Himalaya differ from those attempted previously that required mineral separation [e.g., Hodges et al., 1992; Nazarchuk, 1993; Hodges et al., 1996; Coleman, 1998; Dèzes et al., 1999; Simpson et al., 2000] . The striking age difference of grains in sample MA84
( Figure 16 ) demonstrates the advantage of using an in situ method for rocks that experienced a complicated tectonic history. The ±2% uncertainty in the Th-Pb ion microprobe ages is often superior to results from conventional U-Pb ages typically reported for Himalayan monazites [e.g., Nazarchuk, 1993; Coleman, 1996b; Hodges et al., 1996; Coleman, 1998 ]. Larger inaccuracies in the conventional U-Pb method may be due to failure to document an inherited component, variable Pb* loss, instrumental limitations in measuring small amounts of U and Pb, or excess 206 Pb [Schärer, 1984; Copeland et al., 1988; Parrish, 1990; Coleman, 1998 ]. Figure 20 shows the distribution of ion microprobe monazite ages along both transects.
To interpret the ages, the P-T history of the rock, textural relationship of the monazite with other phases, uncertainty ion microprobe calibration curve, and fraction of radiogenic 208 Pb are evaluated. These criteria are documented by data in this paper or in the data repository. The 23 significance of the interpreted age, including those obtained from garnet-hosted and matrix grains, can then be judged using models that evaluate potential Pb loss based on temperature, duration conditions, and grain size [e.g., Smith and Gilletti, 1997] . Uncertainty in grain size is introduced because the thin section only provides a two-dimensional view of the monazite.
Monazite grains in MCT hanging wall rocks experienced temperatures above 650°C and yield a range of ages due to the strong influence of diffusional Pb loss [Smith and Giletti, 1997] .
All monazites from Domain 3 and those from Domain 2 collected more than 5 km south of the MCT (e.g., DH38, MA33) experienced temperatures below 600°C (Figure 12) . A 22 Ma monazite grain would have to lose 60% 208 Pb to yield an apparent age of 8 Ma. To sustain this quantity of loss, a 50 µm monazite grain requires 600°C for >10 m.y. A 200 µm monazite grain held at 600°C for 10 m.y., experiences less than 15% Pb loss due to diffusion [see Smith and Gilletti, 1997] . These calculations strongly indicate monazite grains from Domain 3 and lower levels of Domain 2 record crystallization.
Monazite growth in Himalayan metapelites may be due to allanite breakdown or dissolution of existing detrital grains. The dissolution-precipitation process is possible age resetting and Pb loss mechanism [e.g., Ayers et al., 1999] . To ascertain its presence, the textural relationship of the monazite grain, distribution of ages within the sample, and the rock's P-T history are required. Some Lesser Himalayan rocks contain evidence of a polyphase history, and dissolution-precipitation is speculated to have a strong influence in these samples (e.g., sample MA84).
Pliocene mica ages have long existed as evidence of late cooling of the MCT shear zone, but were attributed to late-stage brittle thrusting [Macfarlane, 1993] or fluid flow [Copeland et al., 1991] . The youngest monazite grains reported for rocks collected along the Marysandi River 24 MCT transect (3.3±0.1 Ma) require an alternative explanation. The age indicates the area affected by slip within the MCT shear zone extends from the base of the hanging wall gneisses at least to the outcrop that contains sample MA86. Tectonic boundaries within the shear zone are difficult to discern due to poor exposure and the lack of metamorphic or structural discontinuities. Despite detailed field studies, significant changes in lithology, structure, or shear fabrics in rocks that contain evidence of MCT-related activity were not observed [Colchen et al., 1980; Arita, 1983] . Sample MA65, collected 2 km west of the main Marysandi River transect, 
Implications for evolutionary models of the Himalaya
If the monazite in MA86 formed at the maximum temperature recorded by the garnet, this rock experienced ~43 km of slip in the last 3 Ma along a 30° MCT ramp. If the MCT ramp was as steep as 45°, and the monazite formed at a temperature as low as ~440°C [~60° lower 25 than estimates suggested by Smith and Barriero, 1990] , the Pliocene age predicts this portion of the MCT shear zone slipped ~30 km since ~3 Ma. The range of exhumation rates from these calculations is 10-14 mm/yr. This is 16-32% of the total convergence rate between the Indian and Eurasian plates [44-61 mm/yr; Minster and Jordan, 1978; Armijo et al., 1989; DeMets et al., 1990] , and is similar to shortening rates estimated for the MFT [9-16 mm/yr; Lyon-Caen and Molnar, 1985; Baker et al., 1988; Yeats et al., 1992; Powers et al., 1998] . If the average IndoHimalayan convergence rate is 14±4 mm/yr [Powers et al., 1998 ], in central Nepal, 50-70% of this rate appears localized along the MCT shear zone since the Pliocene. 
Conclusions
This paper presents thermobarometric data, ion microprobe Th-Pb monazite ages, and 
Appendix A: Thermobarometric Methods
Data used to calculate the thermobarometric conditions, including the original electron microprobe mineral compositions and garnet X-ray element maps, are available at http://oro.ess.ucla.edu/argonlab/data_repositiory.html. Details regarding samples from the Darondi Khola transect is also reported by Kohn et al. [2000] and Kohn and Spear [2000] .
Samples chosen for thermobarometric analyses appear in a garnet-bearing assemblage containing biotite ± chlorite as the major Fe-Mg minerals. Chlorite is commonly found near or in contact with the garnets analyzed in this paper. Garnets in close association with chlorite and 28 having textures suggestive of significant retrogression were avoided for thermobarometric analysis.
X-ray maps of Mn, Ca, Fe, and Mg were taken of Himalayan garnets using an electron microprobe (Figure 8-11) . A current of 120-200 nA, beam size of ~2 µm, and count-times of 30-35 ms. gave in the clearest results. The maps were used to qualitatively evaluate garnet zoning patterns and assure areas chosen for quantitative analysis best estimate the pressure and temperature conditions recorded by the assemblage [e.g., Spear and Peacock, 1989; Kohn and Spear, 2000] .
Peak pressures and temperatures recorded by samples adjacent to the MCT were estimated from mineral compositions via thermodynamic calculations. The compositions of garnet, muscovite, plagioclase, biotite, and chlorite were obtained using an electron microprobe operating at an accelerating potential of 20 kV and a probe current of ~10 nA. Only matrix mineral compositions of biotite, muscovite, and plagioclase were used. Maximum count-times were 20s, and raw data was reduced using the ZAF matrix correction.
Internally consistent thermometer and barometer calibrations were applied using the garnet and matrix mineral compositions. For most samples, garnet-biotite thermometry [Ferry and Spear, 1978 with the Berman, 1990 garnet solution model] and garnet-plagioclase-biotitemuscovite barometry [Hoisch, 1990] were used to constrain temperature and pressure. The garnet-hornblende geothermometer of Graham and Powell [1984] and the barometer of Kohn and were used for sample DH38. Different thermobarometric calibrations change estimated conditions by ±25°C and ±0.1 GPa, but overall trends are unaltered. A temperature only was estimated for some rocks that lack muscovite (MA83, MA64, MA68, MA58) or plagioclase (MA79).
29 P-T path calculations from garnets displaying prograde zonation were obtained using the methods outlined in Spear and Selverstone [1983] and Spear [1993] . All rocks were modeled using Progam Gibbs, version 4.7 [Spear et al., 1997] , with the observed assemblage garnet + biotite + chlorite + muscovite + plagioclase + quartz in the MnNCKFMASH system. A pure H 2 O fluid at lithostatic pressure was also assumed. Activity models unalter trends of retrieved P-T paths [Kohn, 1993] , and all mineral solutions were assumed ideal, except garnet for which the Berman [1990] model was used. Staurolite, chloritoid, or carbonate minerals are absent in these samples. Chemical zoning in the garnets analyzed is smooth and consistent with growth in the observed assemblage. Plagioclase grains have higher-Ca cores and lower-Ca rims, the expected consequence of garnet growth and fractional crystallization as the mineral depletes the remaining matrix in Ca . Most paths are two-point core-rim paths, except for some Darondi Khola samples for which an intermediate point was used.
Appendix B: Th-Pb ion microprobe dating methods
Details of the ion microprobe analyses, including BSE images of each monazite grain dated and isotopic data, are available at http://oro.ess.ucla.edu/argonlab/data_repositiory.html.
Monazite grains were located in thin sections using backscattered electron (BSE) petrography and energy dispersive X-ray spectroscopy with a scanning electron microscope or electron microprobe. Many are zoned, irregularly shaped, and vary in size from 20 to 200 µm.
The grains were easily spotted using this technique because the mineral was the brightest phase in the thin section. Monazite grains suitable for ion microprobe analysis were documented with detailed BSE images. The portion of the thin section containing the grains of interest was then removed using a high-precision saw, and mounted in epoxy with a block of ~5 grains of polished age standards [monazite 554; see Harrison et al., 1999b] . To aid in grain relocation using the 30 ion microprobe, reflected light images were taken of the 1-inch ion microprobe mount using an optical microscope fitted with a digital camera. The sample was cleaned in distilled water and high-purity ultrasonic cleanser, and carbon or gold coated.
Monazite grains were analyzed using a CAMECA ims 1270 ion microprobe. The dating method takes advantage of the kinetic energy distribution of the Th and Pb ions sputtered from monazite using a primary oxygen (O -) beam focused to a spot size that varied from ca. 5 to 30 µm in size [see Harrison et al., 1995 Harrison et al., , 1999b for details]. The primary beam varied from 2-20 nA, depending on the age of the unknown. Typically, a 50 eV energy window and a ~10 eV offset for Th + were used. At a mass resolving power of ~6000, all Pb and Th isotopes were resolved from any significant molecular interferences. The O -beam sputtered less than a micron of the grain surfaces, and results were available within a few minutes. The uncertainty in the ThPb monazite ages reported in this paper is limited by the reproduction of a calibration curve, and is ±1-2%. 
